Resection of gliomas can be technically challenging as there is no definitive way to distinguish tumor from normal brain during the course of the procedure other than by gross visualization and tactile consistency. This is particularly true at the invasive tumor margin. Studies have shown that gross-total resection (GTR) of contrast-enhancing tumor is achieved in only about 20%-30% of patients, and in patients deemed to have tumors amendable to GTR, and radiographic complete resection is achieved in only approximately 24% of patients. 1, 3, 16, 24, 33, 35 These modest outcomes are likely due to difficulty in determining the distinction between tumor and brain parenchyma. 1 Several technological advances have been explored to aid in improving the ability to obtain greater EOR during glioma surgery: intraoperative MRI, 15 neuronavigation, 36 ultrasound, 13 and newer technologies such as Raman scattered microscopy. 10 The standard mode being used, with few exceptions, still relies on preoperative imaging studies and neuronavigation to guide the course of resection, as well as the use of clinical acumen.
Over the last several years, 5-aminolevulinic acid (ALA) has been used to enhance visualization of malignant tissue during surgery for World Health Organization (WHO) Grade III and IV gliomas. 26 ALA is a natural biochemical precursor of hemoglobin, which elicits synthesis and accumulation of fluorescent porphyrins in various epithelia and cancerous tissue. 19 This is very different than the use of fluorescein, which travels through the plasma and reaches the tumor through the disrupted blood-brain barrier. 23 ALA has been shown in experimental and clinical studies to be taken up by malignant glioma cells, where it is converted into fluorescing porphyrins, 25, 27, 28 and has been described as an aid to enhance glioma resection. 26 ALA is a well-tolerated agent and associated with low rates of adverse events; the most common being abnormal results in liver function test (LFT), transient hypotension, and photosensitivity causing a mild rash. 4, 26 The European data on ALA have been very supportive in terms of facilitating greater EOR and improving 6-month progression-free survival and overall survival. 26 The diagnostic accuracy of combining ALA with neuronavigation improves sensitivity from approximately 50% to 90% and specificity from 60% to 80%. 9, 17 Multiple studies have shown that the combination of these 2 modalities has improved EOR rates in high-grade glioma surgery. 5, 6, 8, 22 However, it remains unknown whether the intensity of ALA fluorescence correlates with the degree of tumor cellularity. In this single-center Phase II clinical trial, we aimed to determine whether the intensity of ALA fluorescence is associated with degree of histological cellularity. In addition, we secondarily evaluated for ALAassociated adverse events and complications. 
primary and secondary objectives
The primary aims of the study were to 1) evaluate the effectiveness of using the presence or the absence of ALA fluorescence to identify the presence or absence of tumor cells, and 2) to determine if the ALA fluorescence intensity helps predict the degree of tumor cellularity based on histological evaluation.
Our secondary objective was to determine the safety profile of a single dose of ALA administered preoperatively at a dose of 20 mg/kg body weight.
patient selection
At a single institution, patients who planned to undergo craniotomy for high-grade glioma resection were prospectively enrolled over a 43-month period, from August 2010 to February 2014. Eligibility and inclusion criteria were 1) presumptive diagnosis of high-grade glioma (WHO Grade III and IV) based on imaging studies or recurrent highgrade gliomas that had previously undergone diagnosis, 2) aged 18-72 years, 3) Karnofsky Performance Scale score of 60% or greater, 4) normal organ and marrow function, 5) agreement of adequate use of contraception as the effects of ALA to the developing fetus are unknown, and 6) ability to understand and be willing to give informed consent. Normal organ and marrow function was based on preoperative laboratory values: leukocyte count greater than 3000 per µl, absolute neutrophil count greater than 1500 per µl, platelet count greater than 100,000 per µl, total bilirubin within normal institutional limits, aspartate aminotransferase and alanine aminotransferase less than 2.5 times the institution upper limits, and creatinine within normal institutional limits or creatinine clearance greater than or equal to 60 ml/min/1.73 m 2 . The exclusion criteria for this study were patients who report a history of allergy to compounds of similar chemical or biological composition to ALA, personal or family history of porphyria, uncontrolled intercurrent illness, hypotension, or pregnancy. The patients who were excluded from final analysis were patients who had a diagnosis other than high-grade glioma and/or had insufficient samples to allow histological cellular analysis.
patients Table 1 shows the demographics, tumor characteristics, and perioperative outcomes of patients who underwent ALA fluorescence-guided craniotomy for tumor resection. Over the course of 43 months, 72 patients were enrolled in the study, and of those, 59 patients had adequate data for final analysis ( Table 1 ). The mean age of the cohort was 53.3 years. Of the 59 patients, 69.5% were male and 30.5% were female. Surgically treated tumors were located in the frontal lobe in 45.8% of cases, temporal lobe in 28.8% of cases, parietal lobe in 16.9% of cases, insular region in 5.1% of cases, and occipital lobe in 3.4% of cases. Slightly more tumors were located in the left hemisphere compared with the right hemisphere (61.0% vs 39.0%, respectively), and 74.6% were in locations near presumed functional brain tissue. A little more than half (52.5%) of all brain tumors treated in this cohort were recurrent tumors. The histological diagnoses were 79.7% GBM, 8 A total of 5 patients experienced at least 1 complication, resulting in an overall complication rate of 6.8% (Table 1) . Two patients experienced a seizure postoperatively. One patient experienced intraoperative hypotension. Another patient had intraoperative hypotension and developed a rash across the torso, which responded to low oral doses of diphenhydramine. One patient experienced postoperative atrial fibrillation with rapid ventricular response and a pulmonary embolus. ALA was presumed to be the culprit for incidences of intraoperative hypotension and rash, while the other complications were unlikely to be secondary to ALA administration. Therefore, the ALA-associated complication rate among the cohort was 3.4%.
ala dosing, administration, and postoperative care
Prior to surgery, a single administration of ALA at a dose of 20 mg/kg of body weight was given orally. ALA was dissolved in approximately 100 ml of drinking water or juice and given to the patient approximately 3 hours before anesthesia. Precautions were taken to protect the patient from the effects of skin photosensitivity during surgery and during the postoperative period. Patients received instructions on how to protect themselves and minimize exposure to sunlight and/or indoor lighting for up to 72 hours after administration of ALA. ALA was provided by DUSA Pharmaceuticals/Sun Pharma.
surgical procedure
In all patients included in this study, image-guided microsurgical resection of the tumor was undertaken. During the course of tumor resection under light microscopy, the tumor bed was illuminated with blue light via a high-pass optical filter in the microscope's light source. If fluorescence was present, and if safe, small biopsies were taken from those areas of fluorescence as well as from nonfluorescing regions. When possible, the intent was to collect a number of biopsies with a range of fluorescence intensities from each patient (at least 1 biopsy from nonfluorescent tissue and at least 1 biopsy from the most fluorescent area). All specimens were submitted to neuropathology for review.
grading of intensity of Fluorescence and cell density
Biopsies of fluorescent and nonfluorescent tissue within the tumor were graded by the surgeon subjectively at the time of biopsy as fluorescence intensities of 0, no fluorescence; 1, mild brightness (pink); 2, moderate brightness (orange); or 3, robust brightness (lava-like orange) ( Table  2 and Fig. 1 ). Examples can be seen in Figs. 2 and 3. Biopsies were then provided to the pathologist for grading of cellular density, without knowledge of the surgeon's intraoperative fluorescence grade. The tissue biopsies were immediately placed in zinc-formalin for 4-6 hours, dehydrated in a series of graded alcohols, and infiltrated with low-temperature paraffin for histological analysis. Sections were stained with hematoxylin and eosin (H & E) and scored by a neuropathologist. Digital images were captured with a microscope (Olympus, Model BX41TF) and digital microscope camera (Olympus, Model DP70).
For each biopsy, the presence of tumor cells was scored based upon review of H & E-stained sections as follows: 0, no definitive tumor cells present; 1, low abundance of Table 2 ). Tumor cells were identified based upon morphological features including cytological atypia, enlarged nuclear to cytoplasmic volume ratio, and nuclear hyperchromasia. Histopathological evaluation was performed by a semiquantitative analysis of the tissue samples based on a visual estimate of the fraction of tumor nuclei in a sample. This method is similar to the technique used by the clinical pathologist. The pathologist was blinded to ALA fluorescence intensity scores to allow nonbiased cellularity grading. Following the initial analysis of intraoperative and histological scores, the biopsies with a cellularity score of 0 (absence of tumor cells) were reanalyzed and scored for the following features based on evaluation of H & E-stained sections: reactive astrocytes, inflammatory cells, necrosis, hypercellular foci, atypical cells, and normal brain parenchyma. Based on this, the biopsies were categorized as either normal brain parenchyma or abnormal brain (presence of reactive astrocytes, inflammatory cells, necrosis, hypercellular regions, or atypical cells).
adverse events and complications
All patients enrolled were evaluated for signs and symptoms of toxicity. Since potential adverse events related to ALA are known to be transient in nature, it was felt that a 14-day evaluation window was relevant to assess the safety profile of this agent. All complications and adverse events were recorded. The determination of whether a complication or adverse event was secondary to ALA was based on prior reported side effects of ALA. The most common previously reported transient side effects were skin photosensitivity, nausea, vomiting, abdominal discomfort, and lowering of blood pressure, which can result in lightheadedness.
additional patient data
Demographics, baseline clinical variables, and tumor characteristics were recorded for all patients. These variables included age (years), sex, tumor location (frontal, temporal, parietal, insular, or, occipital), side (left or right), recurrence, and pathological diagnosis. 
analysis
Descriptive statistics were used to define the patient cohort. The cohort was also subcategorized into 3 additional groups: GBM, WHO Grade III gliomas, and recurrent tumors. The frequency with which ALA fluorescence grade matched with cellularity grade was calculated and reported for each tumor type. Overall positive predictive value (PPV) and negative predictive value (NPV) were calculated based on a single biopsy from each patient. The overall PPV was defined as the percentage of all ALA intensity 3 biopsies that have tumorous content: (ALA intensity 3 biopsies that have tumor)/(all ALA intensity 3 biopsies). The overall NPV was defined as the percentage of ALA intensity 0 biopsies that have no tumor content: (ALA intensity 0 biopsies without tumor)/(all ALA intensity 0 biopsies). Next, the Spearman's rank correlation coefficient was calculated to assess the correlation between fluorescent intensity as scored by the neurosurgeon and tumor cellularity as scored by the neuropathologist. Sensitivity, specificity, PPV, and NPV were calculated and reported with confidence intervals. All statistical analysis was performed with SAS 9.3, and 0.05 was used as the threshold for statistical significance. Table 3 shows the distribution of ALA fluorescence intensity and tumor cellularity grade, stratified by tumor types: all tumors, GBM, Grade III gliomas, and recurrent tumors. A total of 211 biopsies from 59 patients were obtained and graded. There were 175 GBM biopsies, 36 WHO Grade III glioma biopsies, and 110 recurrent tumor biopsies. There were no significant differences in the distribution of intraoperative ALA fluorescence intensity among the different tumor groups (p = 0.747). The distribution of tumor cellularity grade did not demonstrate a significant difference between the 4 groups as well (p = 0.598). The overall PPV of utilizing ALA intensity 3 grade as a predictor of tumor presence was high for all 4 groups: all tumor types (97.4%), GBM (97.2%), high grade (100.0%), and recurrent (93.8%). The NPV of utilizing ALA intensity 0 as a predictor of tumor absence was less impressive: all (37.7%), GBM (43.9%), high grade (16.7%), and recurrent (31.0%). Table 4 shows the frequency in which fluorescence intensity and cellularity grade matched. The overall rate at which ALA fluorescence intensity and cellularity grade matched was 32.7% in all tumor biopsies, 34.9% in GBM biopsies, 22.2% in Grade III glioma biopsies, and 29.1% in recurrent tumor biopsies; there was no significant difference in match rates among the 4 groups (p = 0.438). When fluorescence intensity-cellularity grade match was stratified by particular score, there was no significant difference in the match rate for intensity 0-Grade 0 (p = 0.331), intensity 1-Grade 1 (p = 0.855), intensity 2-Grade 2 (p = 0.971), and intensity 3-Grade 3 (p = 0.951) among the 4 groups. Intensity 3-cellularity 3 match rates were particularly high when compared with other intensity-cellularity grades in all groups: all tumors (86.8%), GBM (86.1%), Grade III glioma (100.0%), and recurrent tumors (87.5%). In other words, intraoperative ALA fluorescence intensity 3 correlated well with tumor cellularity Grade 3 regardless of tumor type. The Spearman correlation coefficient (r) demonstrated that ALA fluorescence intensity and cellularity grade had strong positive correlations (particularly for intensity 3-cellularity 3) for all groups: all tumors (k = 0.65, p < 0.001), GBM (k = 0.66, p < 0.001), Grade III gliomas (k = 0.65, p = 0.011), and recurrent tumors (k = 0.62, p < 0.001). Table 5 shows the calculated sensitivity, specificity, PPV, and NPV of using ALA fluorescence intensity as a correlative measure for histological cellularity grade. When analyzed by all tumor types, the sensitivity and specificity for ALA to detect any degree of tumor cells on histology were 81.7% and 64.5%, respectively. PPV was 93.0% and NPV was 37.7%. Using ALA fluorescence intensity to determine specific cellularity grade was less sensitive but more specific (Table 5 ). In particular, the specificity and PPV were very high (95.7% and 86.8%, respectively) for ALA intensity 3-cellularity Grade 3 match. NPV was highest (93.0%) for ALA intensity 0-cellularity Grade 0 match.
results ala Fluorescence and histological cellularity

Sensitivity and Specificity of ALA Fluorescence
Similar trends in sensitivity, specificity, PPV, and NPV were also seen for samples from GBM and recurrent tumors. For GBM, the overall sensitivity and PPV of detecting any degree of tumor were 84.2% and 91.8%, respectively. Similarly, in the recurrent tumors, overall sensitivity was 78.9%, and PPV was 92.6%. When ALA fluorescence intensity was used as a predictor for cellularity grade, sensitivity decreased and specificity increased. Particularly, the specificity of ALA intensity 3-cellularity Grade 3 match was 94.7% in GBM samples and 97.0% for recurrent tumors samples; the PPV was 86.1% in GBM and 87.5% in recurrent tumors. The NPV for ALA intensity 0-cellularity Grade 0 matches in GBM was 91.8% and in recurrent tumors was 92.6%.
Samples from high-grade gliomas demonstrated a slightly different trend of performance measures when using ALA fluorescence intensity as a method to predict cellularity grade (Table 5) . Overall sensitivity at detecting the presence of tumor cells with ALA fluorescence was low, at 29.4%, and NPV was 7.7%. However, specificity and PPV were both 100.0%. The sensitivity and NPV of ALA intensity 0-cellularity Grade 0 match were both 100.0%. The specificity and PPV of ALA intensity 3-cellularity Grade 3 match were both 100.0% as well. 
absence of Fluorescence and cellularity
discussion
In this Phase II prospective clinical trial, we evaluated whether ALA fluorescence intensity was able to distinguish degrees of tumor cellularity on histological analysis. Overall, ALA intensity 3 demonstrated high PPV for the presence of tumor, and ALA intensity 0 demonstrated low NPV for absence of tumor. ALA fluorescence intensities of 1 and 2 did not readily correlate with specific tumor cellular densities; only ALA fluorescence intensity 3 correlated strongly with tumor cellularity Grade 3 (more than 85% of the time). In addition, this study was able to show that ALA fluorescence continues to be present in 35.4% of samples that did not contain tumor cells, and 62.3% of tumor infiltrated tissue did not display ALA fluorescence. Among the cohort, ALA-associated adverse events and complications were uncommon and transient. Therefore, the benefit ratio of utilizing ALA as a guide to high-grade glioma surgery likely outweighs its risk and should be considered as a routine surgical adjunct in this setting. In general, ALA has proven to be a very useful tool to enhance the resection of high-grade gliomas and is a good marker of tumor cellularity, especially in brightly fluorescent areas (i.e., lava-like orange). The primary outcome of interest was the PPV of utilizing the most fluorescent grade as a predictor for tumor presence, and in this respect, ALA was able to do so 97.4% of the time (i.e., this means in the presence of strong fluorescence there is a very high probability that tumor is present). This high PPV is consistent with a prior study, finding that strong fluorescence as a test for the presence of tumor cells had a PPV of 100%. 34 Conversely, in the absence of ALA fluorescence, the probability of having absence of tumor was 37.7% (NPV) (i.e., this demonstrates that the absence of ALA fluorescence does not predictably indicate the absence of tumor). Both of these findings have significant clinical implications as this may influence surgical decision making when confronted with areas of high ALA fluorescence and the absence of ALA fluorescence.
As of every test, ALA fluorescence is not always able to distinguish or predict the presence of absence of tumor cells. ALA has been described to be selectively taken up by glioma cells. 25, 27, 28 However, the findings from this study suggest that ALA fluorescence does not have perfect correlation with tumor cell identification. 20 In samples in which no fluorescence was detected, more than half (62.3%) of those samples had tumor cells present on his- tology. Similarly, a prior study showed that 73.7% of nonfluorescent samples still contained tumor. 20 These findings suggest that there may be particular tumor cells that do not consistently take up or metabolize ALA in a manner that results in visible fluorescence. However, the absence of macroscopic ALA fluorescence does not definitely indicate the absence of ALA or fluorescent porphyrins. A study has shown that spectrometric fluorescence can be detected in marginal tissue without macroscopic fluorescence. 29 Another possibility is the inability of the microscope's light source to reach deep resection corridors, thus limiting the assessment for adequate ALA fluorescence. Scheduling and optimal dosing of ALA administration prior to surgery should also be considered for ALA uptake into tumor cells. In this study, a 1-time oral dose of ALA was administered approximately 3 hours prior to anesthesia. Unfortunately, the exact time period in which ALA was administered to the time of collection of biopsy samples was not recorded; therefore, the correlation between ALA fluorescence intensity with operative time cannot be determined. The timing of ALA administration should be taken into account in future studies of ALA.
Conversely, 35.4% of samples had no definitive tumor cells present but continued to demonstrate ALA fluorescence. Post hoc histological examination of these particular samples revealed that almost all samples contained abnormal brain tissue. This finding is similar to a prior study, which showed that approximately 17% of GBM samples with ALA fluorescence showed no tumor cells but contained areas of peritumoral edema, inflammatory cells, and reactive astrocyte infiltration. 30 It is also suggested that inflammatory cells such as macrophages may be able to accumulate and convert ALA to its associated fluorescent porphyrins.
7 This false-positive phenomenon has been described in ALA-guided resection of cerebral metastasis. 11, 30 Interestingly, there was 1 biopsy among our study cohort that demonstrated ALA fluorescence in the presence of completely normal brain tissue. While additional samples are needed to support this finding, this may suggest that even in the absence of tumor, surrounding brain may take up ALA and fluoresce. Alternatively, as the tissue biopsy was not serially sectioned, it is possible that small portions of tumor could be absent from the representative section analyzed by histology.
Previous studies have shown that ALA-guided resection of malignant gliomas have a diagnostic sensitivity of 75% to 87% when correlating the presence of ALA fluorescence and the presence of tumor on histological analysis. 20, 37 A similar sensitivity of 81.7% was seen in our study when all tumor types were assessed as a single cohort. However, subgroup analysis of WHO Grade III gliomas had an extremely low sensitivity of 29.4%. This meant the probability of detecting tumor cells on histology with ALA fluorescence occurred only 29.4% of the time, i.e., ALA fluorescence was a poor indicator to rule out the presence of tumor for WHO Grade III gliomas. Conversely, in WHO Grade III gliomas, specificity was 100.0%, meaning that in the presence of ALA fluorescence there were tumor cells present 100% of the time, i.e., ALA fluorescence was a good diagnostic indicator to rule in the presence of tumor cells for WHO Grade III gliomas. The specificities observed in this study for all tumor types (65%), GBM (62%), and recurrent tumors (60%) were lower than the previously reported rates of 71% to 89%. 8 While ALA fluorescence was observed to have low NPVs, the PPVs were very high with rates greater than 90.0%.
There has been an ongoing interest in determining whether ALA fluorescence is able to specify tumor type, degree of malignancy, and cellularity. 18 Higher levels of fluorescence have higher levels of ALA-induced protoporphyrin concentration and correlate strongly with increasing malignancy (histopathological score) and tissue proliferation. 2, 31 To our knowledge, there are only 2 studies that have directly addressed the relationship of intraoperative ALA fluorescence intensity with degree of cellularity.
20,29
The first study by Roberts et al. included a total of 124 biopsy specimens from 11 patients with GBM. 20 The authors graded intraoperative ALA fluorescence and cellularity on a 4-point scale. They showed that as histopathological score and tumor burden increased, the proportion of fluorescent samples as well as the level of fluorescence score also increased. More recently Stummer et al. performed a prospective study to assess the reliability of visible fluorescence qualities by spectrometry, pathology, and imaging among 33 patients with malignant gliomas. 29 Strong ALA fluorescence was associated with greater spectrometric fluorescence, proliferating tumor, and cell density. Weaker ALA fluorescence was associated with less spectrometric fluorescence, proliferating tumor, and cell density.
In comparison with our study, we did not observe a linear trend in correlation between ALA fluorescent intensity and cellularity, but we did find that ALA fluorescence intensity 3 had a very high match rate to cellularity Grade 3. In fact, the Spearman correlation coefficients suggested a strong positive correlation. The specificity and PPV of ALA intensity 3-cellularity Grade 3 was very high, ranging from 95% to 100% and 86% to 100%, respectively. These PPVs are similar to the 100% PPV seen in the study by Stummer et al. 29 However, we observed much lower PPVs (less than 45%) for lower ALA intensities. These findings suggest that the presence of high fluorescence likely correlates with not only the presence of tumor but greater tumor burden.
ALA has been described as a well-tolerated agent and associated with low rates of adverse events. 4, 26 The most common adverse events and complications associated with ALA are abnormal results in LFTs less than 24 hours after surgery, hypotension, and photosensitivity, causing a transient rash. 4, 26 Among our cohort, 1 patient experienced intraoperative hypotension and 1 other patient experienced both hypotension and a mild rash, which were assumed to be associated with ALA administration. This resulted in an ALA-associated complication rate of 3.4%. A study by Chung et al., performed a comparative analysis to assess the incidence and risk factors contributing to ALAinduced side effects and adverse advents. 4 Cardiovascular disease and use of hypertensive medications were associated with higher rates of hypotensive adverse events. In the same study, while not statistically significant, a higher proportion of patients in the ALA group had seizures compared with patients without ALA. Overall, oral ALA administration is safe and associated with low rates of minor complications. The benefit it offers during glioma surgery outweighs the risk associated with the agent.
There are a few limitations to this study that should be briefly discussed. First, the lack of an objective or quantitative measure for intraoperative ALA fluorescence intensity is a drawback. The lack of an objective measure for fluorescence makes it difficult to assign an intermediate score such as intensity 1 and intensity 2. Therefore, linearity or correlations among these grades may be lacking secondary to this drawback. Future studies need to formally address this by utilizing specialized equipment that is able to quantify fluorescence. An approach to objectively quantify intraoperative ALA fluorescence intensity is to use a fiberoptic probe. The blunt end of the probe is placed in gentle contact with brain or tumor tissue for 3-5 seconds. This allows spectroscopic measurement of protoporphyrin IX concentration. Then, the absolute concentration of protoporphyrin IX is used to quantify ALA fluorescence with the use of a mathematical model. This technique has been shown to be rather sensitive in quantifying ALA fluorescence intensity, even in areas not readily visualized by routine gross inspection. 32 Another minor limitation was the small sample size of patients with WHO Grade III gliomas. While, our study was, in fact, designed to study WHO Grade III and IV gliomas, most patients enrolled had a diagnosis of GBM. Therefore, the overall results of this study may be most applicable to GBM. There also needs to be caution regarding the use of PPV and NPV on a cohort of patients that do not represent the normal probability of a disease, because PPV and NPV are dependent on prevalence. The cohort in this study had definitive disease (i.e., they were known to have a diagnosis of brain tumor); thus, the PPV and NPV can be slightly biased estimates. Despite these limitations, the findings from this study have direct clinical applicability.
conclusions
The PPV of utilizing most intense ALA fluorescence intensity (lava-like orange) as a predictor of tumor presence is high. However, the NPV of utilizing the absence of fluorescence as an indicator of no tumor is low. ALA intensity is a strong predictor for degree of tumor cellularity for the most fluorescent areas but less so for lower ALA intensities. This study also demonstrates that tumorinfiltrated tissue may not illuminate, and, conversely, areas without tumor cells may exhibit ALA fluorescence. Even in the absence of tumor cells, reactive changes including inflammation may lead to ALA fluorescence. ALA-associated adverse events and complications are uncommon, minor, and transient. ALA should be considered as a viable option for patients undergoing craniotomy for highgrade glioma resection given the extremely low rates of associated complications.
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